INTRODUCTION
Knowledge is theorized to be central to informed patient decision making and consent in medical care and research. [1] [2] [3] [4] Accordingly, providing accurate, relevant information is critical for interventions that promote informed decisions about joining studies, adopting healthy lifestyle behaviors, and preventing or managing health problems. 1, 5, 6 These interventions sometimes also seek to help people make valueconcordant decisions, 1 underscoring that knowledge is necessary but not sufficient for informed decision making. Nonetheless, the centrality of knowledge in theoretical models of informed decision making is clear, and it reflects both the ethical need to ensure people are adequately informed about consequences of health decisions and the belief that informed choices lead to better decision outcomes. 6 People undergoing diagnostic genome-scale sequencing (e.g., exome sequencing) may receive education and counseling to inform them about sequencing procedures and the information they can yield. They may also learn about principles of inheritance to clarify how sequencing results may be relevant to family members. Given the theorized importance of knowledge of these and related topics in patient decision making, we sought to examine its variation in people undergoing diagnostic exome sequencing and its prospective associations with downstream psychological outcomes including test-related distress and uncertainty, decision regret, and perceived understanding. Findings could guide interventions to promote better psychological sequencing outcomes in diverse populations-an important goal given increasing use of large-scale sequencing for diagnostic purposes and the fact that the technique and spectrum of results it can provide remain relatively unfamiliar to most patients.
Patients or their proxies (e.g., parents of pediatric patients) are typically expected to take an active role in decisions about diagnostic sequencing and to collaborate with clinicians to make sound decisions about applying their results to subsequent health decisions for themselves and their family. Theoretically, these activities should lead to positive psychological sequencing outcomes (e.g., lower test-related distress and decision regret) for individuals with good foundational knowledge of genes, their health implications, how genes are inherited in families, and the strengths and weaknesses of the specific testing modality. Yet, for various reasons, many people do not have sufficient knowledge to tackle these challenges. 7, 8 Challenges such as these motivated the North Carolina Clinical Genomic Evaluation by NextGen Exome Sequencing Study (NCGENES), part of the Clinical Sequencing Exploratory Research (CSER) research consortium. NCGENES investigated use of exome sequencing as a diagnostic tool and helped inform best practices for disclosing diagnostic and secondary genomic information in clinical settings. 9, 10 Adult and pediatric patients participating in NCGENES had diagnostic exome sequencing to elucidate the genetic cause of symptoms or health conditions that appeared to have a genetic etiology. They each received diagnostic sequencing results indicating either that no cause had been found (negative), a possible cause had been found (uncertain), or a definitive cause had been found (positive).
As part of NCGENES, we developed and validated the University of North Carolina Genomic Knowledge Scale (UNC-GKS) to assess knowledge domains thought to be critical for making informed decisions about undergoing sequencing, comprehending the meaning and limitations of results, and taking appropriate actions upon learning results. 11, 12 These domains include the nature of genes, their effects on health, how genes are inherited in families, and potential benefits, harms, and limitations of exome sequencing. Put another way, the measure's items cover aspects of knowledge consistent with Smerecnik's categories: awareness knowledge (knowing that genetic risk factors exist), how-to knowledge (knowing how they influence risk for health problems), and, to a lesser extent, principles knowledge (theoretical knowledge, including knowledge concerning patterns of inheritance and disease development). 13 Our research shows that the measure has sound psychometric properties across subgroups differing in sex, race/ethnicity, education, and English proficiency, and higher genomic knowledge is associated with higher health literacy and numeracy, 14 consistent with the broader research literature. 8, 15 Little research has investigated the assumption that greater knowledge promotes salutary psychological outcomes. A few studies in oncology 5, 16 suggest that increases in or higher levels of relevant knowledge are associated with better outcomes. We know of no studies extending this evidence to diagnostic genome-scale sequencing. Although greater genomic knowledge could be associated with better psychological sequencing outcomes (e.g., because it reduces regret, uncertainty, and corresponding distress), it is also possible that genomic knowledge is relatively unimportant to such outcomes. For instance, they may be more related to specific, personalized interpretations and advice provided by clinicians. Accordingly, we examined associations between general genomic knowledge and the following psychological outcomes: perceived understanding of the NCGENES study and diagnostic sequencing, feelings of regret for joining the study to obtain diagnostic sequencing for themselves or their child, and responses to receiving sequencing results (testrelated distress, test-related uncertainty).
We also evaluated whether genomic knowledge varies according to social resources that may be related to greater ability to acquire, comprehend, and retain genomic knowledge. These resources include past experience with prior genetic testing 16 and social contextual factors, including formal education, 17 health literacy, 15 and English proficiency. 18 Additionally, race/ethnicity and income are likely to be proxies for a broader set of resources and experiences related to knowledge acquisition, comprehension, and retention. Consistent with this assertion, evidence shows that genetic/genomic knowledge and awareness differ by income [19] [20] [21] and race/ethnicity. 19, [22] [23] [24] [25] 
Study overview
The present study included NCGENES participants who completed the UNC-GKS prior to enrollment (baseline), two weeks after enrollment (time 1), and two weeks after receiving positive, uncertain, or negative diagnostic sequencing results (time 2). At each timepoint, we provided education about diagnostic sequencing (e.g., through mailed brochures and discussions with study geneticists and genetic counselors). Analyses evaluated the hypotheses that (1) genomic knowledge would increase across assessments as participants received additional education; (2) baseline genomic knowledge would differ for groups differing in race/ethnicity, health literacy, income, education, English proficiency, and prior genetic testing; and (3) higher levels of baseline genomic knowledge and greater increases in genomic knowledge would be prospectively associated with better psychological sequencing outcomes. We also explored whether subgroups differed in change in genomic knowledge across the study.
MATERIALS AND METHODS

Participants
Patients were referred to NCGENES from hospitals associated with the University of North Carolina at Chapel Hill (UNC) and Vidant Medical Center (Greenville, NC). All had symptoms of an undiagnosed condition with a possible genetic etiology that had not been previously identified.
Eligible patients had diverse indications for sequencing (e.g., neurodegenerative disorders, cardiovascular diseases, dysmorphology, hereditary cancer; see ref. 9 ). The present study's sample included 315 adult patients and parents or legal guardians of pediatric patients ("caregivers") who completed the NCGENES baseline, time 1, and time 2 assessments. All were enrolled between August 2012 and December 2014 and completed study measures in English.
Procedures
Potential participants were mailed a consent form, a baseline questionnaire, and an educational brochure describing diagnostic exome sequencing and possible diagnostic results (i.e., positive, uncertain, or negative, indicating identification of a clear, possible or no genetic cause for their condition). The baseline genomic knowledge measure was in the baseline questionnaire, so some participants may have completed it after reading the brochure. We did not record whether this occurred. Participants then met with a genetic counselor. In this meeting, all participants provided who obtained signed consent from all participants, answered questions, and reiterated and extended information in the brochure, providing personalized information. Participants then returned their completed baseline questionnaire, completed a health literacy assessment, and had blood drawn for sequencing. Two weeks later, they completed the time 1 structured phone interview and mailed questionnaire.
Diagnostic sequencing results and, if found, medically actionable secondary findings were available 6-12 months later, triggering scheduling of an in-person return of results meeting. At this time, cognitively intact adult patients were randomized to one of two groups: control (received only diagnostic sequencing results) or decision (received diagnostic results, then learned about and were able to request non-medically actionable secondary sequencing findings 10, 26 ). The 3.4% of adult patients who received medically actionable secondary findings along with their diagnostic results were ineligible for randomization to avoid overwhelming them (e.g., due to the stress of receiving unanticipated medical information and the potential need to take medical action because of it). Caregivers were ineligible for randomization because we limited return of non-medically actionable secondary findings to consenting adults. We mailed all participants a letter confirming their return of results appointment. For the decision group, this mailing included an educational brochure describing six categories of non-medically actionable secondary findings, potential benefits and harms of learning each category, and a values clarification exercise to support informed decision making regarding requesting these findings. Because the decision group received additional education that could affect genomic knowledge, we evaluated the need to control for randomized assignment in multivariate analyses.
At their return of results visit, participants met with a study medical geneticist and genetic counselor to learn their diagnostic findings and receive counseling about these findings. Decision group participants also learned about requesting and learning non-medically actionable secondary findings. Two weeks later (before any requested non-medically actionable secondary findings were returned), all participants completed the time 2 structured phone interview and mailed questionnaire. Procedures were approved by the institutional review boards of the University of North Carolina at Chapel Hill and Vidant Medical System.
Measures
Genomic knowledge was assessed with the UNC-GKS, 14 which includes 25 statements about genes, genetic effects on health, familial inheritance, and diagnostic exome sequencing. Respondents mark each as true, false, or not sure/don't know (scored as incorrect). Correct responses are scored as 1 and summed. Possible scores range from 0 to 25.
Sociodemographic characteristics were self-reported and included age, gender, race/ethnicity, marital/partner status, educational attainment, and annual household income.
Medical characteristics (e.g., indication for sequencing) were abstracted from clinical records and confirmed at enrollment. Participants self-reported whether they (or, for caregivers, their child) had genetic testing in the past (1 = yes, 0 = no).
Health literacy was assessed by staff at enrollment using the 66-item Rapid Estimate of Adult Literacy Measure. 27 As recommended, 27 we summed the number of words pronounced correctly. Participants were categorized as low health literacy (scores of 0-44, ≤ sixth grade reading level), marginal literacy (45-60, seventh to eighth grade reading level), or functional health literacy (61-66, ≥ ninth grade reading level). 27 Because few participants (1.3%) had low health literacy, we combined the low and marginal health literacy categories.
English proficiency in speaking, reading, and writing was assessed using a 3-item subscale of the Cultural Identity Scale 28 to assess English proficiency in speaking, reading, and writing. Responses ranged from 1 (poor) to 4 (excellent) and were summed (Cronbach's ɑ = 0.90). Because most participants (85.1%) reported excellent proficiency, we dichotomized scores to indicate high proficiency (=12) and lower proficiency (<12).
Test-related distress and uncertainty were assessed at time 2 with an adapted version of the Multidimensional Impact of Cancer Risk Assessment (MICRA). 29 Participants reported how often in the past week they had experienced distress (6 items, e.g., anxious or nervous) and uncertainty (12 items, e.g., frustration about lack of clear guidelines for using test results) as a result of their/their child's test results. Items were reworded to accommodate the interview format, to refer to exome sequencing rather than genetic testing, and, when necessary, to account for differences between diagnostic exome sequencing and genetic tests for risk assessment (the scale's original purpose). Possible responses were: 0 = never, 1 = rarely, 3 = sometimes, and 5 = often. Internal reliability was good (Cronbach's ɑ = 0.86 for distress, 0.88 for uncertainty).
Decision regret was assessed with the 5-item Decision Regret Scale. Regarding their decision to have diagnostic sequencing, participants indicated their agreement with five statements (e.g., "it was the right decision") on a scale from 1 (strongly disagree) to 5 (strongly agree). Positively worded items were reverse-coded and responses were averaged (ɑ = 0.89).
Perceived understanding of diagnostic exome sequencing was assessed with six items created for this study (Online Supplemental Table 1 ). Responses ranged from 1 (strongly disagree) to 5 (strongly agree). Positively worded items were reverse-coded and responses were averaged (ɑ = 0.85).
Data analysis
First, we generated descriptive statistics and examined the psychometric properties of measures. Because there were few missing values, they were mean or mode replaced. We generated descriptive statistics for baseline knowledge and changes in genomic knowledge across assessments (baseline, time 1, and time 2), both collapsed across subgroups and for subgroups differing in race/ethnicity, health literacy (functional versus lower), annual household income, educational attainment (high school or less versus more education), prior genetic testing (yes/no), and English proficiency (high versus lower). We conducted repeated measures analyses of covariance to evaluate subgroup differences in baseline genomic knowledge and change in genomic knowledge in a multivariate model that adjusted for covariates. Potential covariates evaluated for inclusion were study role (adult versus caregiver), participant gender, diagnostic sequencing result (positive, uncertain, or negative, with negative as the reference group), and assignment to the decision or control group. Age was not considered because it was missing for 29% of caregivers. Covariates were entered into the model if bivariate analyses showed they were associated with genomic knowledge at any timepoint.
Finally, we evaluated associations between genomic knowledge variables and test-related distress, test-related uncertainty, decision regret, and perceived understanding of diagnostic exome sequencing. Test-related distress, testrelated uncertainty, and decision regret each had two missing values, and perceived understanding had six. Analyses conducted with and without mean imputed values did not differ, so we report findings from analyses without mean imputed values. First, we examined bivariate associations between each outcome and potential covariates to identify which covariates were associated with each outcome. Next, we conducted a hierarchical linear multiple regression analysis predicting each outcome. In step 1 we entered covariates. In step 2 we entered baseline genomic knowledge and change in genomic knowledge across the three study time points.
RESULTS
Descriptive statistics are shown in Table 1 and correct responses to the genomic knowledge scale items at each assessment are shown in online Supplemental Table 2 .
Description of observed genomic knowledge
Genomic knowledge scores averaged 18.72 (SD = 5.21) at baseline, 20.01 (SD = 4.53) at time 1, and 20.29 (SD = 4.25) at time 2. Paired samples t tests indicated that these scores increased from baseline to time 1, t(314) = 6.73, p < 0.001, and from baseline to time 2, t(314) = 7.68, p < 0.001. They did not increase from time 1 to time 2, t(314) = 1.63, p = 0.11. The standardized effect size for baseline to time 2 change was 0.44 (95% confidence interval 0.248-0.563), calculated using a pooled standard deviation and the correlation of 0.722 between the scores. 30 
Subgroup differences in genomic knowledge
One-way analyses of variance evaluating associations between social resource variables and knowledge revealed that baseline genomic knowledge was higher for non-Hispanic White participants (versus another race/ethnicity), participants with experience with prior genetic testing (versus those without this experience), and those with higher health literacy, income, and English proficiency (all p values < 0.001) (Online Supplemental Table 3 ).
With respect to potential covariates, we found no association between genomic knowledge at any timepoint and study role (p values = 0.73-0.91); participant gender (p values = 0.18-0.73), diagnostic sequencing result (p values = 0.18-0.95), or being randomized to the decision group (p values = 0.60-0.95). Consequently, we did not include any covariates in the repeated measures analysis of variance predicting genomic knowledge. Model estimates therefore indicated the effect of each social resource variable on knowledge, controlling for all other social resource variables in the model. Findings revealed differences in baseline genomic knowledge for race/ethnicity (p < 0.001, partial ƞ 2 = 0.076), income (p = 0.04, partial ƞ 2 = 0.013), education (p < 0.001, partial ƞ 2 = 0.111), and health literacy (p < 0.001, partial ƞ 2 = 0.095). Estimated marginal means (adjusted for other variables in the model) showed that these differences were consistent with the bivariate analyses and, in general, supported our hypothesis that baseline genomic knowledge would differ for specified groups. However, differences in baseline genomic knowledge observed in bivariate analyses were no longer observed for English proficiency (p = 0.08, partial ƞ 2 = 0.010) or prior genetic testing (p = 0.13, partial ƞ 2 = 0.008).
Within-subjects effects with Huynh-Feldt correction revealed an increase in knowledge scores across assessments (p < 0.001, partial ƞ 2 = 0.063), supporting hypothesis 1. This increase was not moderated by participant race/ethnicity, health literacy, income, education, prior genetic testing, or English proficiency (p values = 0.12-0.76). Thus, for these variables, differences that did or did not appear at baseline remained stable across assessments. Figure 1 illustrates this effect using race/ethnicity as an example.
Implications for psychological sequencing outcomes
We evaluated implications of baseline genomic knowledge and change in genomic knowledge for the four outcomes, all measured at time 2. Baseline knowledge was inversely correlated with test-related distress (r = −0.11, p = 0.04), testrelated uncertainty (r = −0.18, p = 0.001), and decision regret (r = −0.19, p = 0.001), and positively correlated with perceived understanding (r = 0.30, p < 0.001). Change in knowledge from baseline to time 2 was not correlated with any outcomes (p values = 0.28 to 0.88).
To extend these findings with multivariate analyses, we conducted four hierarchical linear multiple regressions ( Table 2) . Findings offered limited support for hypothesis 3. Greater baseline genomic knowledge was associated with lower test-related distress (p = 0.008) and greater perceived understanding (p < 0.001), but not with test-related uncertainty (p = 0.34) or decision regret (p = 0.32). Greater positive change in genomic knowledge was not associated with testrelated distress (p = 0.11), test-related uncertainty (p = 0.42), or decision regret (p = 0.39), but it was marginally positive associated with perceived understanding (p = 0.07).
DISCUSSION
In this study of adult patients and caregivers of pediatric patients undergoing diagnostic exome sequencing in the NCGENES study, we found that general genomic knowledge increased across study assessments; that social resources that could help people acquire, comprehend, and retain genomic knowledge were associated with gaps in baseline genomic knowledge; and that those gaps persisted throughout the study despite printed educational materials and in-person counseling by clinicians with specialized genetics training. Additionally, analyses revealed associations between baseline general genomic knowledge and several psychological outcomes. These findings extend understanding of genomic knowledge in diagnostic genome-scale sequencing in a way that can guide additional research and interventions. The greatest increase in general genomic knowledge occurred from enrollment, prior to which participants received a mailed educational brochure, to several weeks after an enrollment visit at which participants met with a genetic counselor. This increase was maintained until after return of results, when participants again met with study genetics experts. The effect size of this change was just under one-half a standard deviation, falling into a range that makes it likely to be clinically significant. 31 Multivariate analyses revealed higher genomic knowledge at baseline for non-Hispanic White participants and participants with higher income, education, and health literacy compared with participants of other races and ethnicities and those with lower income, education, and health literacy. Although all of these subgroups demonstrated gains in knowledge during the study, the gaps apparent at baseline persisted throughout the study, despite our educational efforts. On one hand, these general gains are encouraging given our goal of helping participants understand sequencing and its findings. Yet, they also underscore the need to investigate specific strategies for addressing subgroup gaps in genomic knowledge. In addition to the general knowledge studied here, research is needed to investigate the role of personal, contextualized knowledge.
We believe that simply offering more education and counseling is not sufficient for achieving the goal of "functional" genomics knowledge (e.g., ref. 17 ). Researchers should investigate evidence-based methods for presenting information to enhance learning (e.g., changing the design of documents and adding pictures and/or video-based education). 32 Additionally, research on patient-centered communication, informed decision making, and shared decision making suggests that features of clinician communication (e.g., how they exchange information, manage uncertainty, respond to patient emotions, and explore patient preferences and values) may influence patients' and caregivers' subjective response to clinical encounters, the extent to which they develop a shared understanding of information covered and its implications, and their acquisition and retention of information. 33 Training can teach clinicians relevant patient-centered skills and enhance their cultural competence. 34 The importance of baseline genomic knowledge in our study also underscores a need to improve genomic literacy at the population level 35 to help ensure that people suddenly faced with sequencing are prepared for it. Hurle and colleagues 35 discussed reasons people have difficulty understanding genomic information, including its inherent complexity as well as inadequate knowledge of basic biology and mathematics, limited linguistic skills, and difficulties understanding risk-related concepts such as absolute versus relative risk and population versus individual risk. Addressing these issues is likely to require a multipronged approach, including broad interventions such as K-12 education and mediafocused interventions. These researchers also called for involving community stakeholders to ensure that interventions are culturally and linguistically appropriate and that they are implemented in ways that maximize their reach. We agree. We believe these types of efforts would provide people with a framework for understanding genomic concepts that they may encounter in clinical encounters, 36 enhancing people's preparation for understanding and applying information from their own sequencing in collaboration with clinicians who provide expert, patient-specific guidance (e.g., accounting for specific findings, family and personal health history, and other risk factors).
The need for action to improve genomic knowledge is bolstered by our findings regarding genomic knowledge and its associations with several psychological sequencing outcomes. Greater baseline genomic knowledge was associated with lower test-related distress and greater perceived understanding of diagnostic exome sequencing after return of results, consistent with the assumption that general genomic knowledge can provide a foundation for better psychological sequencing outcomes. [1] [2] [3] [4] 7, 8, 37 Contrary to expectations, genomic knowledge was not associated with lower decision regret. Agreeing to sequencing may be a relatively low stakes decision in the setting of undiagnosed disease, unlikely to generate regret. Indeed, our study clinicians observed that participants did not seem to struggle with this decision. Potential for regret may also be reduced if those at highest risk declined to join the study, or by the perception that any information yielded by sequencing is valuable, even if results are negative. 38 Participants also may have felt their clinicians would continue to search for information, so even negative or uncertain results could change in the future. Furthermore, aspects of informed decision making not evaluated in this study (e.g., values concordance 1 ) may affect decision regret.
Likewise, the lack of an association between general genomic knowledge and test-related uncertainty was unexpected; however, knowledge may be most likely to reduce uncertainty when it is not general genomic knowledge, as measured in this study, but rather personalized knowledge that is specific to patients' unique health condition, personal and family history, and sequencing findings. It may be useful to conduct research to clarify how each type of knowledge is uniquely or jointly associated with psychological sequencing outcomes.
We did not find that change in knowledge was associated with the psychological outcomes we studied. It may be that the changes we observed were too modest to improve these outcomes, or that information that is more personally relevant and concrete would have a greater impact. In NCGENES, study geneticists and genetic counselors provided participants with both general genomic knowledge and contextualized genomic information personalized specifically to their or their child's condition and findings. Psychological research suggests that personalized information may be easier to learn and that it could have a greater impact on psychological responses because it is more personally relevant and useful 39 -it applies directly to participants' own personal and family health situation. Developing a way to measure acquisition and understanding of personalized genomic knowledge (e.g., knowledge specific to patients' genomic findings and to their and their family's health history and future risks) would enable investigation of research questions such as whether, compared with general knowledge, personalized knowledge has a greater emotional impact and is more easily remembered, or whether general genomic knowledge provides a foundation for better understanding of personalized knowledge.
We note several limitations of this study. First, study education was not specifically designed to address the topics on our genomic knowledge scale. Thus, observed increases in knowledge may underrepresent increases possible with more targeted educational approaches. Additionally, some participants may have read our educational brochure before completing the baseline genomic knowledge measure, possibly overestimating baseline knowledge and underestimating change in knowledge. Participants may have varied systematically in whether they read the educational brochure. Second, we did not measure participant understanding and retention of personalized knowledge they received in the study. Future research on the interplay between general genomic knowledge and personalized, contextualized knowledge could inform education and counseling efforts. Third, we did not consider participant age in analyses due to missing caregiver age data. Because age is correlated with other variables (e.g., education, income), it is difficult to know whether this could have affected our findings. Fourth, we adapted the MICRA measure to refer to genomics and for interview administration, with unknown effects on its validity. Finally, future research should include larger samples of specific minority or underserved subgroups to advance research on challenges they face.
Strengths of the current study include its longitudinal study design, large sample size, and inclusion of patients with diverse medical conditions, which may enhance the generalizability of study findings. Also, knowledge of genetic causes of disease is an aspect of health literacy that is increasingly important to understand given growing availability of genetic and genomic testing. Higher genetic/genomic knowledge may impact acceptance of this technology. 40 Our findings show that it can also influence people's potential for negative experiences associated with diagnostic exome sequencing, and that important gaps can persist despite educational efforts.
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